a b s t r a c t MFI zeolite nanosheets with thickness of 2 and 8 nm were synthesized, transformed into bifunctional catalysts by loading with platinum and tested in n-decane isomerization and hydrocracking. Detailed analysis of skeletal isomers and hydrocracked products revealed that the MFI nanosheets display transitionstate shape-selectivity similar to bulk MFI zeolite crystals. The suppressed formation of bulky skeletal isomers and C 5 cracking products are observed both in the nanosheets and the bulk crystals grown in three dimensions. This is typical for restricted transition-state shape-selectivity, characteristic for the MFI type pores. It is a first clear example of transition-state shape-selectivity inside a zeolitic nanosheet. Owing to the short diffusion path across the sheets, expression of diffusion-based discrimination of reaction products in the MFI nanosheets was limited. The 2-methylnonane formation among monobranched C 10 isomers and 2,7-dimethyloctane among dibranched C 10 isomers, which in MFI zeolite are favored by product diffusion, was much less favored on the nanosheets compared to the reference bulk ZSM-5 material.
Introduction
Zeolites are important industrial catalysts [1] . Their success owes to their unique robustness and strong acidity. The molecular shape-selectivity exerted by the pores of zeolites is advantageous for many catalytic processes, but depending on the reaction type, the narrow pores of a zeolite may cause diffusion limitation of the reaction rate and reduced efficiency [2] . There exist several strategies to shorten the diffusion path to avoid diffusion limitation inside zeolite particles, such as nanosizing, generation of intracrystalline mesoporosity, or creation of hierarchical materials with structural order and porosity at different length scales [3, 4] . A salient scientific question in relation to the efficiency of zeolite catalysts in general is how far the particle size can be decreased without losing the intrinsic zeolite character.
ZSM-5 with MFI framework type is the archetype of molecular shape-selective catalysts [5, 6] . This is expressed in many reactions including xylene isomerization, toluene disproportionation, methanol-to-gasoline conversion, catalytic cracking, and n-alkane skeletal isomerization [5, 6] . Even today, new shape-selective reactions using MFI topologies are discovered, for example, hydrogenation of triacylglycerol [7] . The distribution of acid sites in a zeolite crystal can be quite heterogeneous, and not all sites can contribute to the catalytic turnover [8] . Desilication of MFI zeolite crystals is a successful means to create mesopores and render active sites in the crystal interior more accessible [9] . However, hierarchical materials composed of MFI nanoslabs tend to be less shape-selective, because they show a lower degree of crystallinity [10] . The so-called X-ray amorphous ZSM-5 material [11] contains ZSM-5 crystallization nuclei, with particle size below the XRD detection limit and the pentasil fingerprint in IR spectroscopy [12] , in a synthesis gel matrix. It has been shown that X-ray amorphous ZSM-5 exerts shape-selectivity in n-decane hydroisomerization [11] . Recently, extremely thin sheets of MFI type zeolite were synthesized [13, 14] . These remarkable materials were obtained by applying a bi-quaternary ammonium surfactant as a structure directing agent in the synthesis. The quaternary ammonium groups are the structure directing agent (SDA) for the MFI zeolite structure while the long hydrophobic hydrocarbon tails suppress the growth of the zeolite crystals beyond the nanosheet thickness. These nanosheets are extended into the a and c crystallographic directions, but extremely thin along b direction. The ac faces contain 10-membered ring openings to the straight channels, crossing the thin nanosheets. The zig-zag channels intersecting the straight channel are parallel to the sheet face. The MFI nanosheets have a thickness of the order of one to a few unit cells in the b direction, depending on the number of ammoniums in the surfactant head [15] . The thinnest reported MFI nanosheets even have thicknesses as thin as 3 = 4 of the b lattice parameter. Such nanosheets have been called single-pore zeolite (SPZ) because there is only one layer of the extended zig-zag pores in each sheet [16] .
The MFI nanosheets exhibit surprisingly high thermal and hydrothermal stabilities, mechanical strength as well as strong acidity [13, 17] . In the cracking of polymer molecules such as high density polyethylene, the catalytic performance of MFI nanosheets is superior to conventional bulk ZSM-5 [13, 18] . Even the extremely thin SPZ turned out to be a suitable and stable acid catalyst for conversion of bulky molecules [16] . The large number of active sites on the external surface of the nanosheets and the short diffusion pathway are inferred as main reasons for this enhanced catalytic activity. In the conversion of methanol-to-gasoline, the nanosheets showed better time-on-stream stability, that is, higher coke tolerance [13, 18, 19] . Improved activity, stability, and selectivity were also demonstrated in the gas-phase Beckmann rearrangement of cyclohexanone oxime to e-caprolactam [20] . The MFI nanosheets with titanosilicate composition were suitable for epoxidation of olefins [21] . The catalytic activity for epoxidation of bulky cyclic alkenes such as cyclohexene and cyclooctene was enhanced compared to TS-1 [21] . The MFI nanosheets containing the template prior to calcination were positively charged, which made the material also suitable as anion exchanger [22] .
While these previous works revealed the unique catalytic activity and stability of MFI nanosheets, the question whether such nanosheets can still exhibit molecular shape-selectivity has not yet been clearly answered. There exist two main types of molecular shape-selectivity. The reagent or product shape-selectivity refers to preferential diffusion and reaction of the slimmer reactant molecule in a mixture, or the selective formation of the faster diffusing product molecule [5, 6] . The transition-state selectivity occurs when reactions involve bulky intermediates or transition states are suppressed [5, 6] . There exist many test reactions to probe the shape-selectivity [23] . The isomerization and hydrocracking of ndecane are convenient to probe both types of molecular shapeselectivity as well as pore mouth catalysis [24] [25] [26] [27] [28] . The decane test has been used to probe the pore architecture of zeolites with unknown framework structure [29] [30] [31] [32] , the location of active sites in zeolites with complex pore architecture, structural intergrowths [33, 34] , and hierarchical materials [10, 35, 36] .
In this paper, the n-decane test was applied to MFI nanosheets of two different thicknesses to probe for the occurrence of molecular shape-selectivity.
Experimental

Synthesis of MFI nanosheets
The SDAs for nanosheet synthesis were di-quaternary ammonium surfactant [C 22 H 45 2 ] using an ion-exchange resin (Dow IRA 402) [13] [14] [15] .
A reaction mixture with molar oxide composition of 100 SiO 2 : 1 Al 2 O 3: a SDA(OH) 2 : 4000 H 2 O: 400 EtOH was prepared, where a was 5 when using the di-quaternary SDA and 2.5 for the tetraquaternary SDA. First sodium aluminate (42.5% Al 2 O 3 , 53% Na 2 O, Aldrich) was dissolved in aqueous solution containing the surfactant. To this solution, tetraethylorthosilicate (TEOS, 98% Junsei) was added at once, followed by vigorously shaking the mixture by hand to obtain a homogeneous solution. After continuous mixing by magnetic stirrer for 6 h at 60°C, the obtained gels were transferred into Teflon-lined stainless steel autoclaves. The gels were agitated by tumbling the autoclave at 60 rpm. The synthesis temperature was 140°C for a duration of 7 days. Samples were filtered, washed, dried at 100°C, and calcined in air at 580°C. Calcined samples were ion-exchanged with 1 M NH 4 Cl solution at room temperature and subsequently calcined at 500°C to obtain the proton form.
The sample obtained using di-quaternary ammonium SDA had a layer thickness in b direction of 2.3 nm determined with small-angle X-ray scattering (SAXS) (vide infra) and was denoted as NS-2. This thickness corresponds to approximately 1 unit cell in b direction. Increasing the number of quaternary ammonium groups in the SDA to 4 resulted in thicker nanosheets of 8 nm in b direction (NS-8 sample). After calcination, the individual layers in all samples were aggregated in disordered fashion. Both nanosheet samples had a Si/Al ratio of 50 as verified by chemical analysis.
Physico-chemical characterization
SAXS patterns of powder samples sealed in capillaries were recorded at room temperature with line-collimated Cu Ka radiation and a 2D imaging plate detector (SAXSess mc2, Anton Paar). The porosity of the samples was determined using nitrogen adsorption at À196°C (Autosorb-1, Quantachrome). Prior to nitrogen adsorption, the samples were evacuated at 250°C for 12 h. The specific surface area and the micropore size distribution were analyzed using the BET method and the Saito Foley model [37] , respectively. Acidity of the samples was assessed by temperature-dependent pyridine adsorption and FTIR spectroscopy (Nicolet 6700 instrument). Wafers of compressed zeolite powder were mounted in the FTIR cell and outgassed in vacuum (1 h at 400°C). The samples were saturated with pyridine vapor (24 Â 10 2 Pa) at 50°C. After equilibration, the samples were outgassed at 150°C and the IR spectra recorded. The Brønsted and Lewis acidities were evaluated using molar extinction coefficient values of Emeis [38] . Bright-field transmission electron microscopy was done partly at EMAT, and partly at KAIST, using both a FEI Tecnai G2 operated at 200 kV and 300 kV, respectively. Samples were prepared by dispersing the powders in ethanol and placing several drops of the dispersion onto a holey carbon grid. The platinum particles in the bifunctional catalysts were visualized using electron tomography, performed by collecting a tilt series of 2-dimensional images using high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) over an angular range of ±72°with a tilt increment of 2°. After alignment, a 3-dimensional reconstruction was obtained using the simultaneous iterative reconstruction technique (SIRT) [39] implemented in the FEI Inspect3D software.
Isomerization and hydrocracking
Nanosheets were transformed into bifunctional catalysts by loading with 0.3 wt.% Pt via wet impregnation with Pt(NH 3 ) 4 Cl 2 aqueous solution. A reference ZSM-5 zeolite sample (Zeolyst -CBV 8014) with a similar Si/Al ratio of 40 was loaded with platinum in the same way. The impregnated powders were compressed into wafers, the compacts broken into particles and sieved to obtain a fraction of 0.125-0.250 mm to be loaded in a high throughput reactor with online automated reaction product analysis [40] . Amounts of 50 mg of catalyst pellets were loaded in quartz reactor tubes with internal diameter of 2 mm. The H 2 /n-decane molar ratio in the catalytic experiments was 214, and the space time, W/Fo, 1400 kg s/mol. The reaction temperature was increased stepwise at constant space time. Reaction products were sampled for in-line gas chromatographic (GC) analysis 1 h after reaching a reaction temperature set point. The absence of deactivation was verified by returning to initial reaction conditions at the end of the run and verifying conversion.
Results and discussion
Characterization of the nanosheets
SAXS patterns of the two nanosheet samples and conventional ZSM-5 are presented in Fig. 1 . In the wide-angle region (Fig. 1a) , the nanosheet samples displayed broadened reflections compared to the reference ZSM-5 zeolite sample. The observed diffraction peaks corresponded to in-plane reflections in the [h 0 k] crystallographic directions. Reflections with a b component were absent, as expected. The small-angle region recorded for the two nanosheet samples (Fig. 1b) revealed broad signatures relating to the average characteristic distance between the layers. The NS-2 sample synthesized using di-quaternary ammonium SDA showed an average characteristic distance of 2.3 nm. In NS-8, which was synthesized using tetra-quaternary ammonium SDA, the sheets were thicker and the characteristic distance was 8.0 nm.
Nitrogen adsorption isotherms ( Fig. 2 ) of the reference ZSM-5 zeolite showed strong uptake of N 2 at low relative pressure due to adsorption in micropores, but little adsorption at higher pressure because of saturation of the internal porosity. The two nanosheet samples adsorbed more N 2 than the reference zeolite. Both types of nanosheets showed strong adsorption at low relative pressure confirming the presence of micropores in the nanosheets. The adsorption isotherms showed hysteresis, which is ascribed to capillary condensation in mesopores located between individual sheets in the aggregates. The size of the micropores, estimated using Saito Foley analysis [37] , was very similar in the three samples, ca. 0.8 nm, suggesting the presence of the same type of micropores. This estimated diameter was larger than the crystallographic dimensions of the windows (0.51 Â 0.55 nm and 0.53 Â 0.56 nm) [41] . The discrepancy is due to the approximation of a cylindrical pore model [37] . The micropore volume estimated using t-plot analysis increased in the order: NS-2 ð0:079 cm 3 =gÞ < NS-8 ð0:088 cm 3 =gÞ < ZSM-5 reference ð0:256 cm 3 =gÞ ð 1Þ
The micropore volume of NS-2 of 0.079 cm 3 /g obtained here is lower than the value of 0.131 cm 3 /g measured by Ar adsorption in the original publication on a similar sample [14] . To verify the origin of the discrepancy, MFI nanosheet samples corresponding to NS-2 and NS-8 from the original publication [15] were characterized with N 2 adsorption and t-plot analysis. A micropore volume of 0.084 cm 3 /g for an NS-2 type sample was found, in agreement with the present value of 0.079 cm 3 /g, and 0.090 cm 3 /g for an NS-8 type sample compared to 0.088 cm 3 /g on the present sample.
The excellent correspondence confirms the high quality of the nanosheets of this paper. The t-plot analysis is known to underestimate the micropore volume of very small MFI zeolite particles [42] . The lower micropore volume of zeolite nanoparticles is explained by the decreasing number of framework atoms that are part of pore walls with respect to framework termination at the nanosheet surface [35, 36] . The external surface area determined via t-plot analysis decreased in the order:
NS-2 ð468 m 2 =gÞ > NS-8 ð387 m 2 =gÞ > ZSM-5 reference ð54 m 2 =gÞ ð 2Þ
The nanosheets expose much more external surface area compared to a common ZSM-5 zeolite sample due to their higher dispersion.
The BET surface area is a combination of the surface area inside the pores and outside on the extended external surface of the nanosheets. The NS-2 sample with the thinnest sheets as expected exposes the largest external surface area (Eq. (2)) as well as the largest BET specific surface area of 620 m 2 /g (Fig. 2) . Bright-field transmission electron microscopy images of NS-2 and NS-8 were acquired (Fig. 3) . The presence of the nanosheets in sample NS-2 and NS-8 is obvious. These images confirm the high crystallinity of the samples.
A 3-dimensional investigation of the size and dispersion of the Pt nanoparticles was performed using electron tomography. This is a technique to obtain a 3-dimensional reconstruction based on a series of 2-dimensional images acquired using transmission electron microscopy along different projection directions. In this study, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was used to obtain the 2-dimensional projection images. This technique does not only yield structural insight, but also analytical information can be obtained since the intensity in the projection images scales with the atomic number Z of the elements present in the sample. It can, therefore, be expected that a Pt nanoparticle appears with higher intensity in comparison with the zeolite matrix. Fig. 4 presents the visualization of the 3-dimensional reconstructions that were obtained for NS-2, NS-8, and the ZSM-5 reference. In this figure, the Pt nanoparticles presented in yellow can indeed be clearly distinguished from the zeolite, shown in red. Animations of the 3-dimensional reconstructions of the NS-2(mmc1), NS-8(mmc2), and the ZSM-5(mmc3) reference can be found as Supplementary information. 3-dimensional volume renderings of the structures are formed as well as series of slices through the 3-dimensional reconstruction are shown. The distribution of the Pt particles in the zeolite material was similar in the three samples. The Pt particles are located outside the zeolite nanosheets.
These 3-dimensional reconstructions enabled to estimate the average diameter (D) of the platinum particle. For the calculations, a spherical particle shape was assumed. The dispersion (d), defined as the amount of platinum atoms at the surface divided by the total number of platinum atoms, was estimated using Eq. (3) [43] d ð%Þ ¼ 101:6=D ðnmÞ ð 3Þ
The average value and standard deviation of the diameter and dispersion of NS-2, NS-8, and the reference ZSM-5 are given in Table 1. The Pt dispersion was rather low and similar on the three samples.
The acidity of the materials was characterized by pyridine adsorption at 150°C and FTIR spectroscopy ( Table 2 ). Brønsted acidity in zeolites is ascribed to bridging Si-OH-Al groups, while Lewis acidity originates with Al coordinated only to three instead of four framework neighbors. The total number of acid sites in nanosheet and bulk zeolite samples was quite similar, which was expected based on the similar Al content. The possibility to incorporate similar numbers of acid sites into the nanosheets to as in bulk zeolite further highlights the exceptional stability of these materials, as every introduced Al-site can contribute to framework destabilization. In all samples, Brønsted acid sites were more abundant than Lewis acid sites. Lewis acidity was slightly more abundant in the nanosheets compared to the reference, which may hint at their presence in terminating positions of the sheets.
n-Decane hydroisomerization and hydrocracking
The nanosheets and the ZSM-5 zeolite were transformed into bifunctional catalysts requiring a trace amount of supported platinum metal for the hydrogenation-dehydrogenation function next to the intrinsic Brønsted acid sites. Isomerization and hydrocracking of an n-alkane proceeds via alkylcarbenium ion reaction intermediates [44] . The alkane is dehydrogenated to an alkene, which is protonated by a Brønsted acid site to an alkylcarbenium ion. On equilibrated catalysts, hydrogenation-dehydrogenation reactions are much faster than the acid catalyzed reactions such that the internal equilibrium between alkanes and alkenes is established at all times [45] . In presence of hydrogen and at the typical reaction temperatures and pressures, the concentration of alkenes at hydrogenation-dehydrogenation equilibrium is very low, below the detection limit of common GC analysis [46] .
The three catalyst samples were tested in a fixed-bed reactor at constant space time and stepwise increased reaction temperature. The conversion of n-decane is plotted against reaction temperature in Fig. 5 . NS-8 and the reference ZSM-5 showed similar n-decane conversion curves. NS-2 was somewhat less active and needed a higher temperature to convert n-decane. The turnover frequency (TOF), expressed as mole of n-decane converted per mole of Brønsted acid site (Table 2 ), was 0.11, 0.20, and 0.20 s À1 on NS-2, NS-8, and reference ZSM-5, respectively, at a reaction temperature of 165°C. The TOF on NS-8 and reference ZSM-5 are the same and about twice the value of NS-2.
The reaction products were decane skeletal isomers and cracked products containing less than 10 C atoms. The yield of the two product fractions is plotted against n-decane conversion in Fig. 6 . The n-decane skeletal isomerization yield exhibited a maximum. Skeletal isomerization and hydrocracking are consecutive reactions, so that hydrocracking dominates only at high conversion. On NS-2, NS-8 and reference ZSM-5, the maximum isomerization yield was 48%, 43% and 34%, respectively. On the Nanosheets, hydrocracking was delayed as compared to the reference ZSM-5 (Fig. 6) . The maximum yield of skeletal isomers is linked to the balance of hydrogenation-dehydrogenation activity and acidity [45] . Based on the isomerization yield, the nanosheet samples turned out to have a more balanced bifunctionality. The C 10 skeletal isomers were analyzed in more details (Figs. 7  and 9 ). On Nanosheets 2 nm, at the lowest investigated conversion level, the C 10 skeletal isomers were almost entirely monobranched (Fig. 7) . Dibranched isomers only form in a reaction step consecutive to monobranching. But on nanosheets 8 nm and ZSM-5 zeolite, dibranched C 10 isomers were formed more abundantly even at low n-decane conversion levels and appeared in yield as primary and secondary products. This behavior is typical for bifunctional zeolites with less balanced catalytic functions [47] . At high conversion levels exceeding 90%, dibranched isomers became more abundant on all catalysts, which is to be expected.
On the nanosheet samples as well as on reference ZSM-5, the dominating C 10 skeletal isomers were methylbranched. Ethyland propylbranched isomers were not observed. On bifunctional catalysts, methyl branches are generated via protonated cyclopropane (PCP) reaction intermediates (Fig. 8 ) [48] . Longer side chains such as ethyl and propyl branches can be formed directly from the linear chain via cyclobutane-and cyclopentane-type intermedi- ates, respectively, or else from methylnonanes via side chain extension [49] . Inhibition of the formation of 3-and 4-ethyloctane and 4-propylheptane is a general phenomenon on 10-membered ring zeolites [24] [25] [26] 50] , while on zeolites with wider pores ethyland propyl-isomers can represent up to 14% [51] . This suppression of the formation of longer side chain has been ascribed to a combination of transition-state shape-selectivity and product-diffusion selectivity [23, 27, 50, 52, 53] . The absence of ethyloctanes and pro- Fig. 8 . Methylbranching of dec-n-yl cations via protonated cyclopropane intermediates. Assuming the concentration of dec-n-yl cations to be equal and reactions to proceed at a same rate based on the numbers of pathways, methylbranching at positions 3 and 4 is twice as fast as at positions 2 and 5 [47] . pylheptane on MFI nanosheets with their short channels across the layers provides a strong argument for transition-state shape-selectivity being the dominant shape-selectivity mechanism. The suppression of ethyl-and propylbranching of long n-alkanes is a clear manifestation of molecular shape-selectivity in an MFI nanosheet with a thickness of one unit cell corresponding to a straight channel length of about 2 nm. 10-Ring zeolites, including ZSM-5, show a peculiar selectivity for methylnonane positional isomers (Figs. 8 and 9 ). Among the four methylnonane isomers, 2-methylnonane is significantly dominant, followed by 3-methylnonane, 4-methylnonane, and 5-methylnonane. This selectivity pattern was observed on the ZSM-5 reference (Fig. 9c) . Interestingly, methylnonanes formed on nanosheet catalysts have a different composition ( Fig. 9a and b) . The selectivity for 2-methylnonane was less pronounced. 2-methylnonane and 3-methylnonane isomer were actually formed in similar quantities, followed by 4-methylnonane and 5-methylnonane. On the other hand, in the absence of shape-selectivity effects, alkylcarbenium ion chemistry predicts the formation of equal amounts of 2-methylbranched and 5-methylbranched isomers (Fig. 8) [45] .
The deviation from thermal equilibrium, therefore, can be taken as clear sign of spatial restriction during reaction as encountered in the pores of a zeolite. The refined constraint index (CI°), representing the ratio of the yield of 2-methylnonane to 5-methylnonane at 5% isomerization yield, has been introduced to probe molecular shape-selectivity [24, 25] . In large pore zeolites such as ultrastable zeolite Y and at low conversion, CI°is close to unity reflecting methylbranching kinetics in unconstrained environment. On ZSM-5, CI°strongly depends on the nature of the sample [25] . In this study, the reference ZSM-5 sample had a CI°value of 4.7, which is in the typically reported range of 4-11 for ZSM-5 samples [24, 25, 50] . The product-diffusion shape-selectivity necessitates long diffusion paths and a multitude of active sites converting slow into fast moving isomers. In unusual ZSM-5 samples having very high Si/Al ratio of 750 and 1000 or regular samples with extremely high platinum loadings of 10 wt.% blocking access to the pores, CI°v alues around 2 have been observed [25] . Such a low CI°value observed in ZSM-5 crystals with limited acid site concentration or unavailable crystal interior revealed that the product-diffusion shape-selectivity contributes substantially to the preferential formation of 2-methylnonane in regular ZSM-5 crystals. Considering the very short channel length in the nanosheet samples, the low CI°of 2.9 and 3.0, respectively, are not exceptionally surprising as diffusion-based shape-selectivity in these materials should play only a minor role. Such less pronounced selectivity for 2-methylnonane, compared to a reference ZSM-5, was also found in the Xray amorphous ZSM-5 crystals of less than 4 unit cells in size embedded in a gel matrix [11] .
Among the dimethyloctanes, the formation of 2,7-dimethyloctane is particularly sensitive to the molecular shape-selectivity [25, 26, 54] . The content of 2,7-dimethyloctane in the skeletal isomerization products at 5% isomerization yield was app. 20% on the ZSM-5 reference as expected [25] , compared to app. 16% on NS-8 and 13% on NS-2. Similar to 2-methylnonane, the formation of 2,7-dimethyloctane was favored in the reference MFI zeolite with the longest diffusion path pointing at diffusion shape-selectivity and its absence in the sheet-materials.
Hydrocracked products were formed consecutive to skeletal isomerization (Fig. 6) . Hydrocracking of alkanes occurs through b-scission [50] . The energetically more favorable b-scissions depart from a secondary or tertiary alkylcarbenium ion derived from the feed isomer and yield a smaller secondary or tertiary alkylcarbenium ion and an alkene fragment. In previous works, analysis of the carbon numbers and branchiness of the cracked products from long n-alkanes led to the conclusion that hydrocracking on Pt/ZSM-5 mainly involves monobranched and dimethylbranched parent molecules [50] . Dimethylbranched alkanes diffuse slowly in ZSM-5 channels and, because of their long residence time in the pores, are sensitive to hydrocracking [55] . The cracked product distribution according to the carbon number of the fragments at ca. 35% hydrocracking is displayed in Fig. 10 . On the ZSM-5 reference, a clear minimum is displayed at C 5 , resulting in the typical ''M'' shape characteristic of ZSM-5 [50] . For comparison, large pore zeolites such as zeolite Y show preferential cracking in the middle of the chain and a maximum at C 5 products in n-decane hydrocracking [45] . Like the bulk ZSM-5 catalyst, the nanosheets show suppression of the scission of the C 10 feed into C 5 fragments, though this effect is less pronounced compared to the reference (Fig. 10) . A detailed mechanistic explanation for this suppression of central scission is not available, but it must be caused by the methyl positions in mono-and dibranched C 10 isomers undergoing cracking [50, 56] . The formation of C 3 and C 7 fragments is more pronounced on the ZSM-5 sample compared to the nanosheets. Hydrocracking through b-scission of 2-methylnonane is one of the few reaction pathways leading to a C 3 and a C 7 fragment [50] . The higher selectivity for 2-methylnonane of ZSM-5 compared to the nanosheets can offer an explanation. The composition of the individual carbon number fractions of cracked products was analyzed and compared for the three catalysts (Figs. 11-14) . Very similar C 4 , C 5 , C 6 , and C 7 isomers were obtained on the nanosheet and reference ZSM-5 catalysts. Cracked products independent of carbon number were grouped into linear and branched fragments, and the distribution according to branchiness plotted against the hydrocracking yield in Fig. 15 . On the three catalysts, about equal amounts of linear and branched fragments were obtained. The occurrence of secondary cracking, referring to the cracking of primary fragments, can be evaluated by calculating the number of molecules obtained by cracking of 100 feed molecules. This molar yield of cracked products per 100 moles of cracked n-decane is plotted against the hydrocracking yield in Fig. 16 . On the ZSM-5 reference catalyst, the molar sum of cracked products exceeded 200 mole/100 mole cracked. This could already be anticipated by the lower molar yield of C 7 fragments compared to C 3 in the distribution curve of Fig. 10 . The nanosheets showed less secondary cracking, which again may be caused by the brief residence time of the fragments inside the short channels crossing the sheets.
The similarity of the n-decane hydrocracking patterns on nanosheets and reference ZSM-5 suggests that the same type of skeletal isomers with methyl branching positions undergo hydrocracking. This indicates that in the nanosheets, similar effects of pore geometry are imposed on the different isomers compared to the reference ZSM-5. The ''M'' shape hydrocracked product distribution (Fig. 10) is a clear manifestation of molecular shape-selectivity. The crystallographic orientation of the nanosheets is thought to be essential for the expression of molecular shape-selectivity. In the nanosheets, the straight channels run across the sheets (Fig. 17) . The framework is terminated with 10-membered rings. Even the thinnest sheets contain intact channel crossings (Fig. 17) . Earlier reported MFI nanoslabs linked together in zeogrids and zeotiles in n-decane isomerization and hydrocracking did not display the suppression of ethyloctane formation nor the ''M'' shape hydrocracked product distribution due to low degrees of crystallinity and lack of confinement [10, 35, 36] .
Conclusions
MFI zeolite nanosheets were successfully transformed into bifunctional catalysts displaying catalytic activity similar to the reference ZSM-5 zeolite in n-decane hydroconversion. Variation of the nanosheet thickness from 2 to 8 nm had little influence on the catalytic activity. The MFI nanosheets displayed molecular shape-selectivity similar to bulk ZSM-5 zeolite crystals grown in three dimensions. The suppression of the formation of ethyl-and propylbranched skeletal isomers and the ''M'' shape of the cracked product distribution are manifestations of the transition-state shape-selectivity. Unlike bulk ZSM-5 zeolite, the nanosheets did not favor 2-methylnonane formation. The preferential formation of 2-methylnonane among the methylnonane positional isomers is diffusion-based, and the short channels across the nanosheets offer too short a diffusion path to generate this selectivity. A similar observation was made for the 2,7-dimethyloctane isomer among C 10 dibranched skeletal isomers. Our nanosheets are the first nanoscopic versions of MFI zeolite with outspoken molecular shape-selectivity. The framework termination in b crystallographic direction with short straight channels terminating with 10-membered rings is thought essential for the shape-selectivity. 
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